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Seismic Constraints on a Double-Layered Asymmetric Whole-Mantle
Plume Beneath Hawai'i

Cheng Cheng’, Richard M. Allen’, Rob W. Porritt'?, and Maxim D. Ballmer3*

ABSTRACT

It is generally accepted that mantle plumes are responsible for hotspot chains and as such provide insight to mantle
convection processes. Among all the hotspots, the Hawaiian chain is a characteristic example that has been exten-
sively explored. However, many questions remain. If a plume does exist beneath the Hawaiian chain, what is the
shape, size, and orientation of the plume conduit? To what extent can the seismic structure of the plume be mapped?
Can we see a continuous plume conduit extending from the lower to the upper mantle? At what depth do melting
processes occur? Here, we combine constraints from three data sets (body waves, ballistic surface waves, and ambi-
ent noise) to create 3D images of the velocity structure beneath the Hawaiian Islands from a depth of ~800km to
the surface. We use data from the Hawaiian Plume Lithosphere Undersea Melt Experiment (PLUME), which was
a network of four-component broadband ocean bottom seismometers that had a network aperture of ~1000km.
Our multiphase 3D model results indicate there is a large deep-rooted low-velocity anomaly rising from the lower
mantle. At transition zone depths the conduit is located to the southeast of Hawai‘i. A 2% S-wave anomaly is
observed in the core of the plume conduit around 700 km depth, which, once corrected for damping effects, sug-
gests a 200-250°C temperature anomaly assuming a thermal plume. In the upper mantle, there is a horizontal
plume “pancake” at shallow depths beneath the oceanic lithosphere, and there is also a second horizontal low-
velocity layer in the 250 to 410km depth range beneath the island chain. This second layer is only revealed after
surface wave phase velocity data are incorporated into the inversion scheme to improve the constraints on the
structure in the upper ~200km. We suggest this feature is a deep eclogite pool (DEP), an interpretation consistent
with geodynamic modeling [Ballmer et al., 2013]. The model also shows reduced lithospheric velocities compared
to the typical ~100 Myr old lithosphere, implying lithospheric rejuvenation by the plume. In addition, a shallow
(~20km) low-velocity anomaly is observed southeast of the Island of Hawai‘i. This suggests a newly modified
lithosphere, as might be expected in the location of an emerging new island in the Hawaiian chain.

2.1.INTRODUCTION AND MOTIVATION
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The Hawaiian Islands are an ideal place to study intra-
plate hotspots. Many researchers consider it to be a case
example of a deep-rooted whole-mantle plume [Morgan,
1971]. While a plume origin is broadly accepted, there is
an ongoing debate about the morphology of the plume
system, including the depth of origin, and the direction
from which the plume originates if it is not vertical. The
structure of the plume in the upper mantle and how
it interacts with the overriding lithosphere of the
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Pacific Plate are also open questions with a variety of
geochemical interpretations [e.g., Lassiter et al., 1996;
Abouchami, 2005; Huang et al., 2011; Weis et al., 2011]
and geodynamical models attempting to predict the pos-
sible interactions [e.g., Detrick and Crough, 1978;
Monnereau et al., 1993; Farnetani and Hofmann, 2009,
2010; Farnetani et al., 2012; Rychert et al., 2013].

Seismic imaging techniques provide a powerful mecha-
nism to constrain the 3D structure and origin of the
island chain. There are several regional seismic studies of
Hawai‘i that are based on onshore station data [Woods
and Okal, 1996; Priestley and Tilmann, 1999; Tilmann
et al., 2001] or offshore station data [Wolfe et al., 2009,
2011; Laske et al., 2007, 2011]. Studies that rely exclu-
sively on on shore recorded data have a limited aperture
(width) of the seismic array and the poor ray path cover-
age makes it impossible to fully assess the deeper mantle
structure. More recent regional studies instead make
use of the offshore deployment of seismometers during
the Plume and Lithosphere Undersea Melt Experiment
(PLUME), which increases the aperture and thereby con-
strains structure over a wider area at shallow depth and
also deeper into the lower mantle.

For example, Wolfe et al. [2009, 2011] use P- and S-wave
arrivals from teleseismic earthquakes to image mantle
structure to great depths and conclude that the plume stem
extends into the lower mantle, with an origin southeast of
Hawai‘i. SS precursor observations are consistent with
this result [Schmerr and Garnero, 2006; Schmerr et al.,
2010]. However, imaging with inverse scattering of SS
waves has been interpreted to suggest the presence of an
800 to 2000 kilometer wide thermal anomaly in and imme-
diately below the transition zone 1000 km west of Hawai‘i
[Cao et al., 2011]. The conclusion drawn is that hot mate-
rial does not rise from the lower mantle through a narrow
vertical plume but instead accumulates near the base of
the transition zone before being entrained into flow
toward Hawai‘i. Cao et al. [2011] also find a thinned tran-
sition zone southeast of Hawai‘i but disregard it as the
estimated excess temperature is too low and is lower than
the 300-400°C estimated excess temperature for the
anomaly to the west. Laske et al. [2011] analyze Rayleigh
waves recorded across the PLUME network at frequencies
between 10 and 50 mHz, thereby constraining structure in
the upper 100-200 km. Their study reveals lithospheric
rejuvenation within an area likely confined to within
150km of the island chain.

In an effort to better constrain the 3D structure of the
upper mantle beneath Hawai‘i, we combine body and
surface wave observations using a joint inversion scheme
[Obrebski et al., 2011] and a finite frequency kernel
approach. Our approach uses teleseismic body wave
travel time measurements and surface wave phase veloc-
ity information from ballistic surface waves and ambient
noise cross-correlation measurements. All constraints

are jointly inverted to obtain a multiphase tomographic
shear wave velocity model. The resulting model con-
strains structure from the surface down to ~800km
depth. It is simultaneously consistent with all the seismic
observations, meaning that it takes advantage of the
surface wave constraints to resolve shallow (<200km)
structure, while being consistent with teleseismic travel-
times that are able to constrain deeper structure.

2.2.DATA AND METHOD

The PLUME experiment included a large network of
four-component broadband ocean bottom seismometers
(OBSs) occupying more than 70 sites and having an over-
all aperture of more than 1000 km [Laske et al., 2009].
PLUME was designed as a tool to determine the deep-
mantle seismic velocity structure beneath the Hawaiian
hotspot island chain. PLUME was a two-year deploy-
ment that ran from January 2005 through June 2007. The
first stage of this deployment was a 500km wide OBS
network with interstation spacing of ~80km, where data
were recorded continuously from January 2005 through
January 2006. In the second stage of the deployment, the
OBSs occupied a 1000 km wide region with station spac-
ing of about 220km from April 2006 through June 2007.
In this two-phase deployment, data from the broadband
sensors had undetermined orientations.

The first step in our processing is orienting the PLUME
OBS horizontal components using teleseismic P-wave
particle motions. Generally, our method produces stable
and reliable orientations (average standard deviation is
about 6°) over a wide range of earthquake back azimuths.
To maximize the signal-to-noise ratio (SNR), we began
by applying a 0.04-0.1 Hz bandpass filter and measured
~1100 P-wave relative arrival times on vertical compo-
nent data. These P-wave measurements were used to
determine orientations. We compared our estimated ori-
entations with those determined using surface waves and
found them to be consistent. Once these data were rotated
to radial and transverse orientations, ~750 S-wave relative
arrival times (including direct S and SKS phases) were
determined from the SV component via multi channel
cross correlation. Of these, we selected 75 events distrib-
uted in as wide a range of back azimuth directions as pos-
sible (Figure 2.1), restricting the data to events with
epicentral distances greater than 30° and M >5.5. As
part of the waveform-by-waveform quality control, arriv-
als were picked manually using the Antelope dbpick soft-
ware. This software has an interface for viewing waveform
data and the ability to pick arrival times and provides
markers that are then used as a starting point for the
cross-correlation step. We use a multi channel least
squares cross-correlation approach [VanDecar and
Crosson, 1990] that results in a relative travel time delay
data set. We select only the highest quality data based on



SEISMIC CONSTRAINTS ON A DOUBLE-LAYERED ASYMMETRIC WHOLE-MANTLE PLUME BENEATH HAWAI'l 21

25° 25°

20° 20°

15° 18 15°
—165° -160° —155° —150°
[CT—— |
—8000 0 8000 -15 0 1.5
Bathymetry (m) Mean delay (s)

(b)

Figure 2.1 Map of the study area. (a) Ocean bathymetry show-
ing seismometer locations. Stations deployed in the first year
are indicated by circles and those deployed in the second year
are marked by triangles. The station colors indicate the mean
body wave delays (measured at 0.04-0.1 Hz). Only stations
that successfully recorded data are shown. (b) Map of earth-
quakes (red stars) used in this study and our study location (blue
box). Black circles are 90° and 140° from the study region.

the standard deviation of the cross-correlation-derived
delay times to make sure that our body wave data set con-
tains reliable shear arrivals [Obrebski et al., 2011].

The surface wave phase data we use here come from
two different sources. The first is ambient noise cross-
correlation measurements in the period band of 10-25.
Due to the relatively high noise environment of OBS
data, a linear stack of ~1year of ambient noise empiri-
cal Green’s function results is still rather noisy, which

makes accurate measurements of surface wave phase
velocity difficult. To reduce this problem, we apply a
time-frequency domain phase weighted stacking (tf-
PWS) method [Schimmel and Gallart, 2007; Schimmel
et al., 2011], which efficiently increases the SNR. The
tf-PWS is an extension of the phase-weighted stack
method that is a non linear stack where each sample of
a linear stack is weighted by an amplitude-unbiased
coherence measure. The idea here is leveraging the
time-frequency phase stack, which is based on the time-
frequency decomposition of each trace obtained through
the S transform. The results before and after applying
the tf-PWS differ significantly (Figure 2.2) and the num-
ber of visible dispersion curves within each period band
after implementing the tf-PWS is greatly increased.
From our time-frequency analysis we observe two wave
trends with different travel times (Figure 2.2). The T1
phase is the surface wave energy and the T2 phase is the
acoustic wave propagating in the water.

The second source of phase velocity measurements
comes from ballistic surface waves. These are the direct
surface wave energy as opposed to scattered energy,
including ambient noise. We use a two-plane wave tomog-
raphy method [Forsyth and Li, 2005; Yang and Forsyth,
2006a, 2006b] in the period band of 25-100. Different
from the traditional two-station one-plane-wave method,
our method uses the amplitude and phase information
simultaneously and the interference of two plane waves to
model each incoming teleseismic wavefield. This approach
can account for the scattering and multipathing caused
by lateral heterogeneities and was developed to image
regional-scale structures with network apertures typically
up to 1000km, for example, PLUME. This method has
been applied successfully in various regions with a similar
network configuration as ours [e.g., Yang and Forsyth,
20006b; Yang et al., 2008]. Using the same methodology,
we derive phase velocity at a variety of period bands from
25 to 100s.

To simultaneously invert the phase velocity constraints
with the body wave relative travel time constraints, we
must determine phase velocity anomaly constraints. This
is achieved by subtracting the phase velocities calculated
for a background model from the absolute phase veloci-
ties. We explored the use of several background models
and compared the resulting velocity structure at different
crustal depths. We found only slight differences in the
models indicating that the choice of background model
used does not significantly alter our results. Given this,
we used the global average ocean Preliminary Reference
Earth Model (PREM) model as the background model.

Following Obrebski et al. [2011] we create a joint matrix
of body wave relative travel time anomalies and the surface
wave phase velocity anomalies to use in a joint inversion.
The model space extends from 165°W to 145°W and 12°N
to 28°N and to a depth of 1000km. The model grid
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Figure 2.2 Seismic record sections. (a) Record section of the ambient noise cross-correlation between station PL41
and other stations derived using a traditional linear stacking method. (b) The record section shown in (a) except
derived using a phase-weighted stacking method [Schimmel and Gallart, 2007; Schimmel et al., 2011]. Boxed
phases, labeled T1 and T2, are surface waves and acoustic waves propagating in the water column, respectively.

includes 33 nodes in both the horizontal and vertical direc-
tions, yielding grid spacings of ~30 and ~55 km in the ver-
tical and horizontal directions, respectively. The relative
body wave delays are inverted using finite-frequency sen-
sitivity kernels that account for the frequency-dependent
width of the region to which body waves are sensitive and
also accounts for wavefront healing effects. Our tomo-
graphic method uses paraxial kernel theory to calculate
the Born approximation forward scattering sensitivity ker-
nels for teleseismic arrival times [Dahlen et al., 2000; Hung
et al., 2000, 2004]. The surface wave matrix is made of
relative phase velocities estimated for 15 frequencies (10, 12,
15, 18, 20, 22, and 24s, contributed from ambient noise; 25,
29, 33, 40, 50, 66, 83, and 100s, contributed from ballistic
surface waves) at each node, which constrain the velocity
structure from 0 to 300 km depth. To weight the body wave
and surface wave constraints in the joint matrix, we use the
same weighting scheme as Julia et al. [2000] and Obrebski
et al.[2011]. They define the parameter p in their weighting
formula, which allows for a manual tuning of the relative
contribution of each data set. After experimentation with
various values of p, we settled on using a value of 0.7 as
optimal. The sensitivity of very shallow (<60km) velocity
structure to the body waves is also reduced through a ramp
parameter. This is set to zero at the surface and increases

linearly to 1 at 60 km depth. This is a multiplicative factor
applied to the body wave kernels to prevent the body waves
from introducing very short wavelength (one station spac-
ing) velocity anomalies at shallow depths where the ray
paths are vertical and there is no resolution. The shallow-
est part of our model is therefore entirely determined by
surface wave data constraints. Station terms and event
corrections are also included in the inversion. Our inver-
sion requires damping and uses least-squares QR (LSQR)
[Paige and Saunders, 1982] to iterate to a final model. We
also apply a smoothing factor to the model space. To
choose the inversion damping parameter, we examine the
residual misfit curves as a function of the model norm and
find 0.2 is the best damping factor for our inversion scheme.

2.3.IMAGING RESULTS

As a first reference model we produce a smoothed 3D
model derived using inversion of only the SV body wave
travel times, which we refer to as HW13-SV (Figures 2.3,
2.4b, and 2.4e). The structure is very similar to the teleseis-
mic body wave result of Wolfe et al. [2009], as we would
expect. We observe a fairly continuous low-velocity feature
extending from the surface down through the transition
zone and into the deep mantle (Figures 2.3 and 2.4b). We
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Figure 2.3 A 3D view of our body-wave-only S-wave velocity anomaly model (HW13-SV) for the mantle beneath
Hawai‘i. Warm colors indicate low-velocity anomaly and cool colors indicate high-velocity anomaly. The value
of the isosurface is —1.5%. The model reveals a low-velocity region elongated in the sub vertical direction from
the base of the model extending up into the uppermost mantle. This feature is several-hundred kilometers wide
and dips to the southeast. We interpret it as the plume conduit. In the upper mantle the low-velocity anomalies
are predominantly horizontal and oriented parallel to the island chain. We interpret this as the plume “head,” i.e.,
material that is being dragged along with and beneath the Pacific lithosphere.
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Figure 2.4 Vertical cross sections through the HW13 models: (b, c) cross sections parallel to the Pacific Plate
motion; (e, f) cross sections perpendicular to the plate motion. The locations and orientation of the cross sections
along with the distribution of stations are shown in (a,d). Results (b) and (e) are from the body-wave-only inver-
sion (HW13-SV); (c) and (f) are from the joint ambient noise, surface wave and body wave inversion (HW13-SV)).
The dashed green contours encompass areas with highest teleseismic body wave ray coverage. The vertical
dashed blue line in (d) is beneath the center of the island chain.
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Figure 2.5 A 3D view of our body wave and surface wave joint S-wave velocity anomaly model (HW13-5V)). This
is shown with a similar perspective to the 3D image of HW13-SV in Figure 2.3. The model shows what is inter-
preted as the plume conduit extending from the lower mantle southeast of Hawai‘i up into the upper mantle
beneath Hawai‘i. In the upper mantle two subhorizontal plume pancakes are observed. The shallow pancake is
clearest and extends beneath the lithosphere to a depth of 150 km. The second pancake is less continuous but
forms a subhorizontal layer in the 250-400 km depth range. We interpret this as the DEP. This feature is revealed
in the joint inversion due to the improved resolution in the upper mantle.

interpret this as a plume conduit, the main stem of which
comes from the mantle to the southeast of the surface
islands. In the upper mantle, low velocities are observed
over a wider region extending the length of the island chain
and from the surface down to ~400km depth. We interpret
this low-velocity body as the present-day plume “pancake,”
i.e., the low-velocity material that is spreading horizontally
beneath the oceanic lithosphere. What is surprising about
this image is the fact that the low velocities of the plume
pancake extend so deep, an observation also noted by
Wolfe et al. [2009]. Both geodynamical models and previ-
ous tomographic observations of mantle plumes in oceanic
settings suggest a much thinner sublithospheric plume pan-
cake confined to the upper ~250km [Ribe and Christensen,
1994; Allen et al., 2002; Farnetani and Hofmann, 2010].

In an effort to better resolve this unusual structure in
the upper mantle, we complete the joint inversion of body
and surface wave constraints, which we refer to as HW13-
SVI (Figures 2.4c, 2.4f, 2.5, and 2.6). This model retrieves
a more complex velocity structure in the upper mantle
than HW13-SV (Figures 2.3, 2.4b, and 2.4c), as would
be expected given the additional constraints. The upper
mantle low-velocity feature is now observed to separate
into two sub horizontal layers. The first is shallow and
immediately beneath the oceanic lithosphere and extends
to~150km depth. The depth extent is clearest in Figure 2.4c
and its lateral extent beneath and along the island chain
is shown in Figure 2.6b. The second layer is in the depth
range of ~250-400km and is somewhat less continu-
ous in the horizontal direction than the shallow layer
(Figures 2.4c, 2.5, and 2.6d), but is distinct from and not
continuous with the shallow layer, as illustrated by the

absence of significant low velocities at 200km depth
(Figure 2.6¢). This deeper low-velocity anomaly is less
continuous beneath the island chain than the shallow
anomaly (compare Figures 2.6b and 2.6d). Finally, our
seismic model also shows an apparent asymmetry in the
low-velocity structure of this second layer, which may be
related to geochemical differences between the Loa and
Kea trends observed at the surface [Huang et al., 2011;
Weis et al., 2011] (see also Chapter 3).

We also invert for absolute velocity using just the (ambi-
ent and ballistic) surface wave data in order to compare
these absolute velocities with average Pacific velocity pro-
files. Absolute velocity profiles at three locations along
the island chain are shown in Figure 2.7. These profiles
show that southeast of the island, out in front of the
region of plume influence, the velocity structure is typical
for the 100 Ma lithosphere below ~75km depth. Beneath
the islands we see evidence of a rejuvenated velocity pro-
file. One inconsistency with previous surface-wave-based
studies is the fact that we do not see the peak of the low-
velocity anomaly around 100km depth centered west of
the Island of Hawai‘i, as suggested by Laske et al. [2011].
Instead, the velocity anomalies we image at these depths
are aligned with and centered on the island chain, which
is consistent with crustal studies of the underplating pro-
cess [Leahy et al., 2010], body wave tomography [Wolfe et
al., 2009, 2011], and the geometry and geoid anomaly of
the Hawaiian Swell [Cadio et al., 2012]. We do see the low-
velocity anomalies extending further to the west than to
the east, which is consistent with a recent receiver func-
tion study suggesting that the melt path to the Island of
Hawai‘i originates to the west [Rychert et al., 2013].
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Figure 2.6 Maps of shear wave velocity perturbations in HW13-SVJ at (a) 20, (b) 100, (c) 200, (d) 300, (e) 600
and (f) 800 km depth. Numbered green dots in subpanel (b) are the locations of low-velocity zone 1, low-velocity
zone 2, and high-velocity zone 3 in Figure 2.7.
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Figure 2.7 Upper mantle absolute velocity profile derived from
ambient noise and surface wave inversions. The dashed lines
are average mantle velocity profiles for the Pacific lithosphere
with various ages [Nishimura and Forsyth, 1989]. The colored
lines show the velocity profiles at various locations along the
length of the island chain and are indicated in Figure 2.6b.

2.4. RESOLUTION

We explored the resolving capabilities of our models
using several approaches. First, we show the ray density
from the teleseismic body wave data set. Figure 2.8 shows
the region with highest ray density plotted in the same cross
sections as the model shown in Figure 2.4. The coverage is
densest immediately beneath the seismic network and to a
depth similar to the maximum aperture of the network.
The green dashed line outlines the region of dense coverage
and is also plotted on the model in Figure 2.4. Ray density
is by no means a complete indicator of resolution (see the
following additional tests) and crossing rays are needed to
resolve structure. However, it is an indicator of where there
are many ray paths constraining the velocity structure.

We next conduct checkerboard resolution tests using
synthetic velocity models consisting of alternating high-
and low-velocity boxes. These synthetic velocity models
are used to generate synthetic data, that are then inverted
to assess the ability of the data set to recover the synthetic
models. Again, these types of tests are not perfect and do
make the assumption that the finite frequency sensitivity
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Figure 2.8 Vertical cross section of ray density maps. (a) Cross
section that is parallel to the Pacific Plate motion where the
dashed green line encompasses areas with “high” ray cover-
age. This cross section is the same as shown in Figures 2.5b
and 2.5c. The color bar shows how many rays contributed to
the velocity information at a particular model grid point. (b)
Cross section perpendicular to the Pacific Plate motion and the
same as shown in Figures 2.5e and 2.5f.

kernels used are a “perfect” representation of the true
sensitivity of the constraints. We do add 5% noise to
the constraints to simulate errors and uncertainties in
the measurements made. The recovered velocity models
provide a guide to how the scale of structure that can be
resolved varies as a function of position in the model.
Resolution is possible on shorter scales at shallow depths,
primarily due to the inclusion of surface waves, and struc-
tures must be larger to be constrained at greater depths.
Figure 2.9 shows that velocity anomalies ~200km in
diameter can be imaged in the upper ~250km where
surface waves provide constraints. At depths where the
teleseismic body waves provide most constraint, i.e., from
~300 to ~600 km, structures ~350 km wide are well recov-
ered. Finally, in the uppermost lower mantle only struc-
tures ~450 km wide are recovered.

Finally, we construct a suite of synthetic velocity mod-
els to further test the ability of our data set to resolve a
variety of input velocity structures. We focus on the abil-
ity of the data set to constrain vertical plumelike anoma-
lies at a variety of depths. Figure 2.10 shows the input
and the recovered velocity structure for tests with a verti-
cally oriented low-velocity anomaly 200km wide and
with a peak velocity anomaly of —4%. In the first test
(Figures 2.10a, and 2.10e) the anomaly extends from 0 to
300km. The recovered velocity structure successfully cap-
tures the input structure in that the strongest low-velocity
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Figure 2.9 Checkerboard resolution tests for input (synthetic) velocities anomalies of +4%. Horizontal slices
through the recovered velocity anomalies are shown at depths of 20, 100, 200, 300, 600, and 800 km.

anomaly also extends from 0 to 300km depth and has low-velocity anomalies radiating down and outward from
approximately the same width. The amplitude of the the input velocity structure. However, these smearing
anomaly also approaches the input —4% at most depths. effects are all low amplitude with the largest streaking
Ray path smearing effects are also seen with high- and anomalies only being ~0.5%. Based on this test, we



Synthetic input:

(@)
0

-200
-400
—-600

Depth (km)

—-800
-1000

(b)

()

(d)

0

500 1000 1500 2000 2500

Synthetic output:

(e)
0

—200
-400
—-600

Depth (km)

—-800
-1000

0

(f)

500 1000 1500 2000 2500

0

(9)

500 1000 1500 2000 2500

0 500 1000 1500 2000 2500

(h)

0

500 1000 1500 2000 2500

Distance (km)

0

500 1000 1500 2000 2500
Distance (km)

0

500 1000 1500 2000 2500

Distance (km)

0 500 1000 1500 2000 2500
Distance (km)

B dVs/Vs (%)
4 2 0 2 4

Figure 2.10 Synthetic resolution tests: (a—d) vertical cross sections through four synthetic input velocity models; (e-h) recovered veloc-
ity structure. These tests include vertical columns in various depth ranges (a—c; e-g) and a test of the model structure expected for
Ballmer et al’s [2013] geodynamic model (d, h). The sections are all parallel to plate motion as in Figures 2.4b, 2.4c, and 2.8a.
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conclude that our model would show a strong velocity
anomaly constrained to the upper 300km if the true
anomaly structure was only in the upper 300 km. Next we
explore the possibility that the low-velocity anomaly is
only 350-650km deep (Figures 2.10b and 2.10f). Again the
recovered velocity structure is largely constrained to the
same depth range with less smearing than the first test.
The amplitude recovery is reduced to —2% to —3%, mean-
ing that we only recover 50%—75% of the velocity anom-
aly. Next we use a low-velocity anomaly that extends
throughout the full depth range of the model (Figures 2.10c
and 2.10g) and find that this is also well recovered with
only low-amplitude anomalies resulting from smearing of
velocities along downward going ray paths similar to what
was observed in the first test. The amplitude of the veloc-
ity anomalies in the input plume stem also decreases with
depth in a similar fashion to the first two tests.

In the final test we use a synthetic velocity structure
based on the “two-layer” geodynamic model for mantle
flow beneath Hawai‘i developed by Ballmer et al. [2013].
We estimated the absolute velocities from the predicted
temperature, density, and lithostatic pressure at each
point of the quasi-steady-state model using the relation-
ships of Faul and Jackson [2005] and Jackson and Faul
[2010] with specifications reported in Ballmer et al. [2013].
We then subtract the 1D reference velocity model to
determine velocity anomalies for input into our synthetic
test. The recovered structure is good beneath the seismic
array, including the variable size of the low-velocity
anomaly in the upper mantle associated with Ballmer’s
two-layer structure. These tests leave us confident that the
upper mantle structure is well resolved in our seismic
inversion.

2.5. DISCUSSION

2.5.1. Structure and Origin of Plume Conduit

Our imaging results suggest that a subvertically oriented
low-velocity anomaly exists beneath Hawai‘i that extends
through the upper mantle and down into the uppermost
lower mantle. We interpret this feature as being indicative
of a whole-mantle-plume source for the Hawaiian island
chain. This structure and interpretation is similar to the
conclusion of Wolfe et al. [2009]. Both results reveal low
velocities within the mantle transition zone and in the top-
most lower mantle, suggesting there is a deep source region
for the Hawaiian plume. A thermal boundary layer near
the base of the transition zone has been suggested as a
candidate source region for some plumes [e.g., Cserepes
and Yuen, 2000]. However, our image does not support this
hypothesis as we see no evidence of a broadening of the
low-velocity anomaly beneath the 660km discontinuity,
as would be expected in that case.

We interpret our model to indicate that the plume con-
duit has an origin southeast of the Island of Hawai‘i. As
shown by Figures 2.4 and 2.6, there are several locations
in the uppermost lower mantle that have low velocities in
our model. However, we interpret the anomaly to the
southeast to be the plume conduit for three reasons. (1)
The low velocities in the southeast quadrant are larger in
size (lateral extent) and amplitude (see Figure 2.6f) than
any other quadrant, reaching 2% when others are closer
to 1%. (2) The smaller low-velocity anomalies seen in
other quadrants are outside the region of dense ray cov-
erage, i.e. outside the green dashed lines in Figure 2.4. (3)
The anomalies extending southeast are the most continu-
ous (Figures 2.4 and 2.5). It is also worth noting that the
teleseismic ray coverage is not dominated by rays coming
from the southeast (Figure 2.1b) so the plume conduit
that we image/interpret is not due to a particularly dense
ray bundle coming from that direction. Our observation
that the plume origin is to the southeast is also consistent
with geodynamic arguments that mantle convection in
general, and the fast-moving Pacific Plate in particular,
shear and tilt the plume conduit in the upper and lower
mantle [Richards and Griffiths, 1988; Steinberger and
O’Connell, 1998; Steinberger et al., 2004; Farnetani and
Hofmann, 2010].

Several previous studies have explored topography of
the transition zone discontinuities in the region beneath
Hawai‘i in an effort to identify anomalies that may be
related to the source of the islands. Shen et al. [2003]
observe transition zone thinning across a broad zone
beneath the island chain, which they interpreted as reflect-
ing higher-than-normal temperatures beneath the region
due to the passage of plume material through the transi-
tion zone. In contrast, Li et al. [2000] and Walbern et al.
[2006] suggest that the transition zone is thinned ~200 km
west of Hawai‘i. In a study of SS precursors, Cao et al.
[2011] argue that ponded plume material sits beneath the
transition zone several degrees west of Hawai‘i. Our imag-
ing results do not support these observations, instead sug-
gesting that the plume conduit is intersecting the transition
zone ~200km southeast of Hawai‘i.

A number of factors can cause velocity heterogeneity
in the mantle, including variations in temperature (with
contributions from both anharmonic and anelastic com-
ponents [e.g., Karato, 1993]), water content [Karato,
2003], melt [e.g., Hammond and Humphreys, 2000], grain
size [Faul and Jackson, 2005; Jackson and Faul, 2010], and
bulk composition. The last factor includes depletion by
melt extraction [Jordan, 1979], although recent studies
suggest that the effects of depletion on P- and S-wave
velocities and V /V_ ratios may be minor [Schutt and
Lesher, 2006; Afonso et al., 2010]. In the uppermost lower
mantle (~700 km depth) the S wave velocity anomalies are
around 2% in our model. As smoothing and damping are
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part of the inversion scheme, the velocity anomalies we
obtain are minimum estimates [A/len et al., 2002]. From
our synthetic tests (Figure 2.10) we find that we recover
about 50%—75% of the anomaly at this depth, which
implies the real velocity anomalies in the plume conduit
likely exceed ~3% [Allen and Tromp, 2005]. These velocity
anomalies imply an excess temperature of 200-250°C
[Schilling, 1991; Allen et al., 2002], consistent with petro-
logical estimates [Herzberg et al., 2007].

2.5.2. Upper Mantle Structure and
Double-Layered Plume

The low-velocity structure that we image in the upper
mantle is in disagreement with the classic version of
plume theory. The classic plume model [e.g., Morgan,
1972; Ribe and Christensen, 1994; Farnetani and Hofmann,
2010] involves a near-vertical plume conduit rising
through the entire mantle and spreading at the base of
the lithosphere to form a pancake of hot material. The
main hotspot forms where the conduit feeds the pancake,
which is dragged away by plate motion, to the northwest
in the case of Hawai‘i. However, instead of a single shal-
low plume pancake, we image two distinct horizontal
low-velocity layers in the upper mantle. One layer is at
<150km depth, and the second is in the ~250-400km
depth range. Whereas this study is the first to image two
separate layers, it is consistent with a previous study from
Wolfe et al. [2009], who have recovered one broad low-
velocity body that extends from the base of the litho-
sphere to ~400 km depth.

Our imaged model structure is consistent with a recent
geodynamic model [Ballmer et al., 2013] developed in an
effort to explain the thick low-velocity body imaged by
Wolfe et al. [2009]. While the model was developed simply
to explain the existence of a plume pancake to ~400 km
depth beneath the island chain, it also suggests a double
layer to the plume pancake, as we observe. In Ballmer
et al.’s model the plume is composed of 85% peridotite
and 15% chemically dense eclogite. As the plume material
rises through the upper mantle, it generates a deep eclog-
itic pool (DEP) at 300-410km depth, from which a shal-
low upwelling rises further to feed the pancake [Ballmer
et al., 2013]. The compositions used in the geodynamic
model are based on geochemical constraints for Hawaiian
lava composition, which is thought to contain mafic mate-
rials such as eclogites, in addition to peridotite [Hauri et al.,
1996; Sobolev et al., 2005; Herzberg, 2011; Pietruszka
et al., 2013]. These mafic materials likely originate from
subducted oceanic crust that is entrained by the plume
and are denser than peridotite throughout the upper
mantle. The ascent of a plume rich in eclogite is thus con-
trolled by a competition between negative compositional
and positive thermal buoyancy. In addition, it is affected

by phase transitions in the upper mantle that modulate
the densities of eclogite and peridotite to cause a maxi-
mum of the excess density of eclogite at 300-410km
depth [Aoki and Takahashi, 2004]. It is this excess density
maximum that causes the plume to stall and to form a
DEP [Ballmer et al., 2013]. When the material rising out
of the DEP crosses the coesite-stishovite phase transition
at 300km depth [Aoki and Takahashi, 2004], the density
of eclogite sharply decreases, thereby inducing rapid
upwelling in a narrow plume conduit. The predicted con-
trast between a wide DEP and a narrow shallow plume
[Ballmer et al., 2013] compares well with our observations
(Figures 2.5 and 2.6).

2.5.3. Plume Interaction with Lithosphere

The age of the Pacific Plate around the Hawaiian
Islands is about 100 Ma [Miiller et al., 2008]. Figure 2.7
shows the typical velocity profiles for oceanic plates of
different ages derived from surface wave measurements
[Nishimura and Forsyth, 1989]. We determine the absolute
velocity based on our surface wave constraints and com-
pare them to the typical profiles at three different loca-
tions that span regions in both the low- and high-velocity
portions of the lithosphere (green dots in Figure 2.6b).
Location 1 is halfway along the island chain, which is in
the middle of the strong low-velocity anomaly at ~100 km
depth. Location 2 is at the southwest coast of the Island
of Hawai‘i and on the edge of the strong low-velocity
anomaly. Location 3 is further southwest and “upstream”
of the plume, outside the low-velocity region of the plume.

Compared to the typical 100 Ma lithosphere velocity
profile that would be expected beneath Hawai‘i, the veloc-
ity at location 1 is most reduced. The velocity reduction
extends from the surface to ~140km, producing a veloc-
ity profile that is more similar to the typical profile for the
20-52Ma lithosphere. The velocity at location 2 is also
reduced to ~140km depth, but to a lesser extent. These
observations are consistent with the concept of lith-
ospheric rejuvenation [e.g., Detrick and Crough 1978; Von
Herzen et al., 1989; Monnereau et al., 1993; Li et al.,
2004]. Location 1 has been rejuvenated to a greater extent
than location 2, as would be expected given that location 1
has been under the influence of the lithosphere-modifying
plume for a longer time than location 2. Our observations
are consistent with those of Laske et al. [2011]. We sug-
gest rejuvenation of the lithosphere should be understood
primarily as a velocity reduction in the lithosphere and
not necessarily a mechanical thinning of the lithosphere.

Location 3 is 150km southeast of the Island of Hawai‘i
and is upstream of the plume. We therefore expect little or
no rejuvenation effect. Below 75 km depth the velocity pro-
file at location 3 is very similar to the typical profile for the
100 Ma lithosphere (Figure 2.7). However, the velocity is
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Figure 2.11 Map view of HW13-SVJ at 20 km depth with the location of earthquake swarms from (a) 1971 and
(b) 1996 and the location of the Lo‘ihi Seamount (blue circle). The lower right color scale indicates earthquake
depth and the lower left color scale indicates velocity perturbation in percent.

significantly reduced at shallower depths. The shallow low-
velocity zone is also imaged in HW13-SVJ (Figures 2.6a
and 2.11). We are able to image this low-velocity anomaly
at 20km depth due to the inclusion of the higher-frequency
constraints from ambient seismic noise (down to 0.1 Hz),
which have wavelengths of ~45km. These wavelengths are
still too long to image magma chambers, so these shallow
low velocities instead indicate a broad region of the litho-
sphere that must be modified to cause the reduction in
velocity. The location of the shallow low-velocity anomaly
is centered between earthquake swarms in the upper 30 km
and the location of the Lo‘ihi Seamount (Figure 2.11). We
therefore propose that we are imaging evidence of shallow
lithospheric modification in response to the arrival of the
next volcano in the island chain.

2.6. SUMMARY

We derive a 3D model (HW13-SVJ) of the Hawaiian
plume extending from the lower mantle to the surface
using a multiconstraint seismic tomography method that
uses the PLUME OBS data. Checkerboard resolution
tests and the synthetic tests suggest that the primary fea-
tures in our model are robust to 800km depth. Our
results show that under the Hawaiian hotspot a continu-
ous low-velocity anomaly extends from the roots of the
volcanoes downward into the lower mantle. The plume
origin is southeast of the island chain, which is consist-
ent with what mantle flow models predict. The geometry
of this low-velocity body is consistent with a whole-
mantle plume feeding the hotspot in this region. The 2%

low-velocity anomaly in the lower mantle implies a 200—
250°C temperature anomaly once corrected for damping
and assuming a purely thermal plume. These modeled
deep features are similar to prior body wave tomography
results [Wolfe et al., 2009, 2011].

The addition of surface wave phase velocity constraints
from earthquakes and ambient seismic noise provides
additional constraints in the upper mantle, including the
lithosphere and crust, which are jointly inverted with the
body wave constraints. In the upper mantle, the structure
of the low-velocity plume deviates substantially from
the classic plume pancake model. Our model suggests the
presence of two sub horizontal low-velocity layers in the
upper mantle. The first is immediately below the oceanic
lithosphere, as expected. The second anomaly is directly
above the 410km boundary and extends up to ~250km
depth. This secondary tomographic feature is consistent
with geodynamic models of plumes with high eclogite
content [Ballmer et al., 2013]. They predict a low-velocity
layer immediately above the 410 discontinuity produced
by the accumulation of eclogite. The model also suggests
a lateral heterogeneity inside this low-velocity layer that
may be related to the observed geochemistry asymmetry
at the surface (Chapter 3).

At more shallow, lithospheric depths, our model shows
lower velocities than expected for the ~100Ma oceanic
lithosphere. Instead the velocity profiles are more similar
to the Pacific lithosphere with a mantle age of 20-50 Ma.
This is consistent with previous observations and interpre-
tations of a rejuvenated lithosphere beneath the Island of
Hawai‘i[Laske et al., 2011]. Finally, at the shallowest depth
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(~20km), we see a low-velocity anomaly southeast of the
Island of Hawai‘i that is likely indicative of the process of
lithospheric modification beneath the next newly evolv-
ing island in the Hawaiian chain.
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